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Introduction
tability of the knee is a complex issue and involves liga-
ments that behave differently on the medial and lateral
side. Correct positioning of the components and ade-
quate soft-tissue balancing are critical steps in successful total
knee arthroplasty1. A total knee prosthesis that is implanted
“too tightly” may cause limited range of motion and com-
promise patient satisfaction. A total knee replacement that is
implanted “too loosely” will be unstable2. Medial-lateral insta-
bility is the most common type of instability and may result
from incompetent collateral ligaments, incomplete correction
of a preoperative deformity, or incorrect bone cuts3. Separate
studies have identified instability as a leading cause of early
clinical failure of a primary total knee replacement, resulting
in revision within three to five years4,5.
It is generally accepted that the surgeon should aim for
“some” medial-lateral laxity, but no numerical data are cur-
rently available at present to guide the surgeon.
The purpose of this study was to quantify the ligament
laxity in a normal nonarthritic knee before and after a stan-
dard total knee arthroplasty. A latest-generation fluoros-
copy-based spatial navigation system was used to provide the
numerical values of medial-lateral, anterior-posterior, and
rotational laxity in cadaveric specimens.
Materials and Methods
welve fresh-frozen human cadaveric specimens of lower
limbs with nonarthritic knees were used for the study.
The age of the individuals at the time of death ranged from
forty-seven to eighty-eight years (mean, sixty-eight years).
Prior to the formal testing of the specimens, a pilot
project was performed with use of another fresh-frozen hu-
man cadaveric lower limb to design the setup. Manual “clini-
cal” testing was compared with instrumented testing with use
of a digital dynamometer (Model CH 25 K 50; Kern, Balingen,
Germany) with a maximum weighing range of 25 Kg and
S
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Fig. 1
Preparation of the proximal part of the femur.
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readout of  50 g. The reason for this was to standardize the
magnitude of forces used for the project. For anterior-posterior
laxity testing, an anteriorly directed load of 98 N (10 kg) was
applied to the proximal aspect of the tibia. Medial-lateral lax-
ity was tested with use of a moment load of 9.8 Nm (4 kg ap-
plied 25 cm distal to the knee joint) to the medial and lateral
side of the tibia. Rotational laxity testing was done by applying
a 3.92-Nm torque load (4 kg at 10 cm) to the tibia.
All procedures were undertaken by the same surgeon
(G.V.D.), who is experienced in total knee replacement. The
order of testing was randomized. The specimens were thawed
at room temperature for at least twenty-four hours prior to
testing. Before testing, a routine clinical examination was per-
formed to confirm ligamentous stability. A standard antero-
posterior radiograph was made to exclude limbs with a
pathological condition. After the macroscopic and clinical ex-
amination, the specimens were prepared in a standardized
fashion. A perfectly round metal ball with a known diameter
(25.38 mm) was attached superolaterally to serve as a refer-
ence for radiographic measurements. With use of fluoroscopy,
the length of the femur (defined as the distance from the cen-
ter of the femoral head to the tangential line at the femoral
condyles) and the length of the tibia (defined as the distance
from a line tangential to the tibial plateau to the tibial dome)
were recorded. A 6-mm stainless-steel threaded pin was
drilled in an anterior-posterior fashion in the subtrochanteric
region of the proximal part of the femur, to control rotation
during testing (Fig. 1). The pin was inserted percutaneously
Fig. 2
Preparation of the proximal part of the tibia.
Fig. 3
Preparation of the distal part of the tibia.
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through a small stab wound. This pin was drilled with the
knee held in flexion to avoid tethering of the quadriceps. The
quadriceps fibers surrounding the pin were released longitudi-
nally over a distance of 2 cm proximally and distally. After the
level of the joint line was determined with fluoroscopy, a hook
was screwed in the anterior crest of the proximal part of the
Fig. 4
Instrumented varus-valgus laxity testing.
Fig. 5
Digitized joint-line opening measurements.
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tibia 8 cm distal to the joint line (Fig. 2). The hook was used to
apply an anteriorly directed load to the proximal part of the
tibia. Finally a 20-cm-long, 6-mm-diameter stainless-steel
threaded pin was inserted in a medial-lateral fashion, parallel
to the joint line of the ankle. The pin was inserted 25 cm distal
to the joint line of the knee. This pin was placed centrally in
the tibia, so that a 10-cm-long lever arm was created medially
and laterally (Fig. 3). At both ends of this pin, hooks were at-
tached through which loads could be applied for varus-valgus
and rotational testing.
After the preparation described above, a series of instru-
mented laxity tests were performed with use of fluoroscopic
images. These tests were used to validate the findings of laxity
testing with use of the navigation system.
Varus-valgus laxity was tested with the knee in full ex-
tension and 30° of flexion. A load of 9.8 Nm was applied to the
medial and lateral hooks attached to the distal tibial pin (Fig.
4), while the femoral rotation was controlled with use of the
proximal femoral pin. Fluoroscopic images were made with
the knee in the neutral position and in varus and valgus stress,
both in extension and in 30° of flexion. The images were
stored digitally and were analyzed with use of the Carnoy im-
age analysis program (Peter Schols, Laboratory of Plant Sys-
tematics, Catholic University of Leuven, Leuven, Belgium) for
digital, calibrated measurements (Fig. 5).
At this stage, all preparations were done to use the iON
(intraoperative navigation system; Medtronic Surgical Navi-
gation Technologies, Louisville, Colorado). This is a latest-
generation, fluoroscopy-based spatial navigation system, with
use of the FluoroKnee software (Smith and Nephew, Mem-
phis, Tennessee, and Medtronic Surgical Navigation Technol-
ogies). The fluoroscopic images necessary for determining
femoral and tibial axes were acquired and loaded into the sys-
tem. Two reference frames were attached to the specimen. One
active femoral frame was attached with use of two pins medi-
ally at 10 cm proximal to the knee joint. A second, passive,
frame was attached to the tibia in the mid-diaphyseal region,
also aimed medially. The femoral head was placed in a socket-
like clamp, allowing rotation in three degrees of freedom.
The knee was opened with use of a standard medial
parapatellar approach. The reference points needed by the
navigation system’s software were acquired, and the arthrot-
omy was closed with use of a running suture. After setup of
the navigation system, the specimen was tested for anterior-
posterior, varus-valgus, and rotational laxity with use of the
previously reported standardized loads. These measurements
were done in extension and 30° and 90° of flexion (Figs. 6 and
Fig. 6
Instrumented anterior-posterior laxity testing.
Fig. 7
Instrumented rotational laxity testing.
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7). Figure 8 shows an example of a screenshot of the navigation
system after a series of testing.
The knee was then reopened and a Genesis II cruciate-
retaining total knee replacement (Smith and Nephew) was
performed without release of the posterior cruciate or collat-
eral ligaments. All implantations were performed with use of
the instrumentation provided by the implant manufacturer
and the navigation system for correct placement of the im-
plant. Patellar resurfacing was not done. The implants were
cemented in place, and the arthrotomy was again closed with
use of a running suture. The same array of ligament testing
was repeated with the total knee replacement in situ. The same
loads were applied, and all values were recorded.
All measurements were stored in an Access XP database
(Microsoft, Redmond, Washington) and were analyzed with
use of Excel XP (Microsoft) with an Analyse-it plug-in (ver-
sion 1.71; Analyse-It Software, Leeds, England). Normality
tests (Shapiro-Wilk) were done, and Student t tests as well as
linear regression were carried out.
Results
o significant difference (p = 0.39, paired t test) was found
between the measurements of the medial joint-line open-
ing on the basis of fluoroscopy compared with navigation-
acquired measurements (Pearson correlation, r = 0.52). No
significant difference (p = 0.66, paired t test) was found be-
tween the measurements of the lateral joint-line opening
made with fluoroscopy compared with the navigation-
acquired measurements (Pearson correlation, r = 0.87). As
such, the measurements acquired with the navigation system
can be considered validated.
Table I summarizes the results of the laxity testing of the
native knees with use of the navigation system. The mean val-
ues and 95% confidence intervals are given for the medial-
lateral, anterior-posterior, and rotational laxity with the knee
in extension and in 30° and 90° of flexion.
Table II summarizes the results of the same laxity
tests after implantation of the cruciate-retaining total knee
replacement.
A statistical comparison was done with the results from
laxity testing in the native knee. No significant difference
could be found between the varus-valgus laxity in the native
knee compared with that after the total knee replacement, ex-
cept for varus stress at 30° (p = 0.04, paired t test) and 90° (p =
0.001, paired t test), where laxity was less pronounced in the
specimens with the total knee replacement. No significant dif-
ference could be found between the anterior-posterior laxity
in the native knee compared with that after the total knee re-
N
Fig. 8
Typical screenshot after a completed array of laxity tests.
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placement (p = 0.51, p = 0.99, and p = 0.16 at 0°, 30°, and 90°
of flexion, respectively; paired t test). With regard to rotational
laxity, no difference was found with the knee in extension;
however, after total knee replacement, the knee had signifi-
cantly less rotational laxity in 30° and 90° of flexion (p = 0.006
and 0.001, respectively; paired t test).
Discussion
his study provides the surgeon with quantitative data on
the normally expected joint laxity during medial-lateral,
anterior-posterior, and rotational stress testing, which can be
used as a guideline during ligament balancing when perform-
ing total knee arthroplasty.
In previous studies, it was shown that a fluoroscopy-
based computer-assisted system can substantially reduce the
postoperative variability in coronal alignment by eliminating
the outliers6.
With regard to the laxity values in the native knee, we
found that the average medial joint-line opening on valgus
stress was 2.6 mm at 0°, 5.1 mm at 30°, and 7.1 mm at 90° of
flexion. The average lateral joint-line opening on varus stress
was 3.1 mm at 0°, 5.9 mm at 30°, and 8.1 mm at 90° of flexion.
This is consistent with previous findings that the lateral
side of the knee is physiologically more lax, and as a con-
sequence the flexion gap in normal knees may not be rectan-
gular7 -9. In a recent study of twenty normal knees that were
assessed with magnetic resonance imaging, Tokuhara et al.10
found a discrepancy of the flexion gap in the medial and lat-
eral tibiofemoral joint of 4.6 mm with a tilt of 5° in the femur
and tibia. When a varus stress was applied, the lateral joint gap
opened by a mean (and standard deviation) of 6.7 ± 1.9 mm,
whereas the medial joint gap opened by only a mean of 2.1 ±
1.1 mm. The amount of stress was not standardized in that
study and was affected by several factors including the weight
of the leg and the mobility of the hip.
In the present study, we found the average anterior-
posterior laxity to be 3.9 mm at 0°, 9.2 mm at 30°, and 7.7 mm
at 90° of flexion. This supports previous reports of maximum
laxity at 30° in studies by Fukubayashi et al.11 and Gollehon et
al.12. This observation also provides support for performing
the Lachman test for anterior-posterior instability at 30° of
knee flexion.
Mean rotational laxity increased from 14° in extension
to 34° at 30° of flexion and to 36° at 90° of flexion. This is in
line with results of previous studies by both Hsieh and
Walker13 and Blankevoort et al.14.
After implantation of the total knee replacement, the
laxity values were not significantly different from those in the
normal knee except for lateral laxity at 30° and 90° of flexion,
with less laxity after the arthroplasty. However, after total
knee replacement, laxity measurements on the lateral side
were comparable with those on the medial side, demonstrat-
ing a mediolaterally balanced total knee replacement. In
comparison, Ishii et al.15 and Matsuda and Ishii16 reported 4°
of coronal laxity in abduction and adduction with a posterior
cruciate-retaining prosthesis at 0° to 20° flexion with use of a
Telos arthrometer.
After total knee replacement, the average anterior-
posterior laxity was 4.1 mm at 0°, 9.2 mm at 30°, and 10.3 mm
at 90° of flexion. Remarkably, this pattern did not mimic the
increased laxity at 30° that is usually seen in normal knees.
The same pattern after total knee replacement was seen in
T
TABLE I Laxity Values of the Native Knee*
Measurement
Position of the Knee
0° of Flexion 30° of Flexion 90° of Flexion
Medial joint-line opening (mm) 2.6 ± 1.0 5.1 ± 0.9 7.1 ± 1.4 
Lateral joint-line opening (mm) 3.1 ± 0.8 5.9 ± 0.7 8.1 ± 1.0 
Anterior-posterior laxity (mm) 3.9 ± 1.0 9.2 ± 2.2 7.7 ± 2.0 
Rotational laxity (deg) 14.0 ± 3.8 34.0 ± 2.2 36.0 ± 3.3
*The values are given as the mean and the 95% confidence interval.
TABLE II Laxity Values with the Cruciate-Retaining Total Knee Implant*
Measurement
Position of the Knee
0° of Flexion 30° of Flexion 90° of Flexion
Medial joint-line opening (mm) 2.4 ± 0.5 4.3 ± 1.3 5.8 ± 1.5
Lateral joint-line opening (mm) 2.2 ± 0.7 4.7 ± 0.8 5.6 ± 1.1
Anterior-posterior laxity (mm) 4.1 ± 1.2 9.2 ± 2.4 10.3 ± 3.4
Rotational laxity (deg) 11.1 ± 2.4 26.1 ± 4.5 30.3 ± 5.8
*The values are given as the mean and the 95% confidence interval.
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studies of laxity in knees under low compressive forces17. How-
ever, in the study by Matsuda and Ishii16, this pattern was seen
in knees managed with a total knee arthroplasty that had a de-
ficient posterior cruciate ligament compared with those with
an intact ligament, which followed the normal pattern. That
study supported the finding that the increase in posterior cru-
ciate ligament tension with flexion might affect the anterior-
posterior laxity in posterior cruciate ligament-retaining knees.
The increased laxity found in our study may have been due to
the fact that we applied only an anteriorly directed force. At
90° of flexion, the more pronounced laxity may have been due
to gravitational forces causing an initially more posterior posi-
tion of the tibia.
The average rotational laxity after total knee implanta-
tion was 11.1° in extension, 26.1° at 30° of flexion, and 30.3° at
90° of flexion. Compared with our findings in nonreplaced
knees, this rotational laxity was substantially less at 30° and
90° of flexion, but not in extension.
Conclusions
he present cadaveric study provides the knee surgeon
with the “normal” values for knee laxity obtained with a
fluoroscopy-based latest-generation spatial navigation sys-
tem. When the goal of total knee arthroplasty is to restore
the natural anatomy as closely as possible, then the ortho-
paedic surgeon should aim for these laxity values.
Additional work should be done to validate these
findings with clinical results from total knee replacements
implanted with use of these “normal” values. Furthermore,
more studies on “in vivo” testing of knee laxity with use of
navigation systems are necessary to obtain more reliable
values. 
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